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Abstract: Laser-induced plasma evolution in fused silica through multipulse laser ablation
was studied using pump-probe technology. Filament splitting was observed in the early stage
of plasma evolution (before ~300 fs). This phenomenon can be attributed to competition
between laser divergent propagation induced by a pre-pulse-induced crater and the nonlinear
self-focusing effect. This effect was validated through simulation results. With the increasing
pulse number, the appearance of filament peak electron density was postponed. Furthermore,
a second peak in the filament and peak position separation were observed because of an
optical path difference between the lasers propagating from the crater center and edge. The
experimental results revealed the influence of a prepulse-induced structure on the energy
distribution of subsequent pulses, which are essential for understanding the mechanism of
laser–material interactions, particularly in ultrafast multiple-pulse laser ablation.
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction
Femtosecond laser ablation has become crucial because it has a large amount of practical
applications in numerous scientific [1–4], medical [5,6], and industrial fields [7]. However,
the potential is still limited because of the complexity of the ablation process, which involves
various mechanisms such as energy deposition [8,9], energy transfer [10], and energy
relaxation [11]. During the ablation process, energy deposition from the laser to material is
crucial because it determines ablation results. Kerse et al. particularly aimed to control the
energy deposition process and realized thermal-damage-free ablation by adjusting laser
repetition rates [12]. Wang et al. used cylindrical focusing and rapid scans to form a large
area of ripples through spontaneous energy deposition [13]. For multipulse ablation, energy
deposition may be affected by numerous factors, such as shielding [14], saturation [15], and
collateral damage [16]. A structure ablated by a pulse can strongly reshape the subsequent
pulses, thus spatially redistributing energy deposition and affecting the subsequent processes
(e.g., plasma generation [15] and shockwave evolution [17,18]). Photon–electron interaction
is the first step of energy deposition during laser ablation [19] and is thus the most crucial
step during multipulse ablation [20]. Some previous works have been carried out to
investigate the mechanism of multipulse ablation in terms of numerical model and final
damage structures [21,22]. However, few studies have focused on this dynamic behavior
under multipulse irradiation; moreover, the related mechanisms have not been completely
elucidated. Therefore, to reveal the mechanism of interaction between the laser and materials
and to further improve ablation results during multiple-pulse laser ablation, electron dynamics
driven by laser energy deposition must be studied in real time.
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In this stu
udy, laser-indu
uced plasma ev
volution in fussed silica throuugh multipulsee ablation
and the effectt of a prepulsee-induced crateer on the subs equent laser fi
field were studdied using
pump-probe technology.
t
Th
he splitting of a filament was observed in thhe early stage oof plasma
evolution (beffore ~300 fs) because
b
the preepulse-inducedd crater reshapped the subsequuent laser
field; filamen
nt splitting wass attributed to competition bbetween diverggent propagatioon of the
laser caused by
b refraction and
a the self-foccusing effect. F
Finite-differennt time-domainn (FDTD)
simulation of the laser field was performed
d to verify thiss phenomenon.. The lasers proopagating
o the crater were focused ovver time becauuse of the selff-focusing
from the edgee and center of
effect. During
g the subsequen
nt propagating process with m
multiple pulsess, two peaks off filament
electron densiity were obserrved at differen
nt delay times because of ann optical path ddifference
between the pulses
p
from thee two aforemen
ntioned paths. Finally, diverrgent propagatiion of the
laser generateed a hole with
h branches. Wh
hen the pulse number was hhigher than a pparticular
value (e.g., 20
00 in the propo
osed experimen
nt), the laser-innduced electronn density saturaation was
observed, illu
ustrating that th
he hole branch structures weree unchanged.
2. Experime
ental setup

Fig. 1.
1 Schematic of th
he pump-probe im
maging setup. M: m
mirror; BS: beam
m splitter; and ND::
neutraal density filter.

Figure 1 preseents a schemattic of the pump
p-probe imaginng setup based on our previouus studies
[17,23]. The output of a Ti:sapphire feemtosecond laaser regeneratiive amplifier (Spectra0 nm with a pu
ulse duration off 35 fs was divvided into two bbeams by
Physics Spitfiire Ace) at 800
using a beam splitter. One of
o the two beaams was frequeency doubled bby a beta bariuum borate
nerate a probe beam, whereaas the other b eam was focuused using a 5 × , 0.15
crystal to gen
numerical apeerture (NA) ob
bjective (Olym
mpus, Inc.) on tthe side surfacce of the fusedd silica to
generate a pu
ump beam. To probe plasma evolution in thhe sample, thee probe beam aand pump
beam were placed perpendicular to each other for form
ming a side viiew. Pump ennergy was
he spot size is 12 μm. The probe beam was delayed
controlled by a neutral denssity filter and th
using an optiical delay linee to probe thee sample at diifferent delay times. Finallyy, a timeresolved transsmissivity imag
ge of plasma was
w imaged onn a charge-couppled device (CCD) with
a 20 × , 0.45 NA
N objective (Olympus,
(
Inc.). The sample was a piece off fused silica w
with a size
of 10 mm × 10
1 mm × 1 mm
m, which is po
olished on fourr surfaces (twoo front surfacess and two
side surfaces)). To suppresss disturbance caused by thee pump beam (800 nm) andd plasma
radiation, a 40
00-nm bandpass filter was ussed in front off the CCD. A ssequence of im
mages was
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recorded after each pulse ablation to study the dynamics of multipulse ablation. Moreover, an
image without laser irradiation was recorded as a reference signal to obtain transmissivity
shadowgraphs for each pulse ablation. In addition, ablation crater morphology was
determined using an atomic force microscope (AFM, Bruker, Inc.).
3. Results and discussion

Fig. 2. (a) Time-resolved transmission of femtosecond laser-induced plasma evolution caused
by the first pulse (N = 1) and second pulse (N = 2) in fused silica with a fluence of 8.8 J/cm2 at
200 fs; (b) FDTD simulation of the laser field considering the Kerr effect in fused silica with
the first and second pulses; the laser propagates in the direction of the x-axis, and the sample
surface is x = 0; (c) AFM morphology of the crater caused by the first pulse, where “E” and
“C” are the edge and the center area of the crater; and (d) and (e) spatial distribution map of
electron density extracted from (a).

When a pump pulse was propagating inside the sample, the laser-induced free electron plasma
would absorb the probe beam [24]. Figure 2(a) presents a time-resolved transmission of
femtosecond laser-induced plasma under the first and second pulse irradiations in fused silica,
where a colorbar represents transmissivity from 0 to 1. The fluence of each pulse was 8.8
J/cm2, and the delay time of 200 fs was selected to compare the difference between filaments
of the first and second pulses. The slight asymmetry of the filament was attributed to the
beam quality. When the first pulse propagated into the sample, the laser was gradually
focused, and a plasma filament was formed through the laser–material interaction. In the case
of second pulse irradiation (N = 2), a distinct plasma filament splitting phenomenon was
observed, which was evidently different from the first pulse-induced plasma (N = 1). The
splitting phenomenon is similar to final crater shape in previous works [21,22] and needs to
be further explained. The formation of the plasma filament for the first pulse (N = 1) was
attributed to the self-focusing effect caused by the optical Kerr effect. The optical Kerr effect
is a nonlinear change in the refractive index in the presence of strong electromagnetic fields.
During the irradiation of a sample by an intense laser, the refractive index of sample n is not
constant. Thus, the refractive index is not only related to the laser frequency (i.e., laser
dispersion) but also dependent on laser intensity as n = n0 + n2 I(r, t). Here, n0 and n2 are the
original linear refractive index of fused silica and the nonlinear Kerr coefficient associated
with the third-order susceptibility χ(3), respectively, where χ(3) = 4ε0cn2n02/3 (ε0 is the
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permittivity of vacuum and c is light speed in vacuum). Thus, an intense laser field with the
Gaussian distribution of intensity generates an uneven ∆n with the curvature of the wavefront
similar to that of a lens. This effect is accumulative and can result in beam self-focusing [25].
The plasma filament is generated by balancing the self-focusing effect and defocusing of the
beam in the presence of plasma [26].
In the case of second pulse irradiation, not only the aforementioned factors but also
sample surface morphology affected laser propagation. The laser field of the second pulse
was spatially reshaped by the crater generated using the first pulse ablation. Figure 2(c) shows
the AFM morphology of the crater generated using the first pulse. When the second pulse
reached the sample surface, the pulse was refracted by the crater. Because the refraction angle
decreased when the light propagated from an optically thinner medium to an optically denser
medium. In the initial stage of propagation, divergent propagation generated by refraction
competed with the self-focusing effect. The slope was large on the edge of the crater [“E”
area in Fig. 2(c)]; thus, the laser diverged from the original direction. The refractive index,
∆n, changes slightly with the decreasing laser intensity. Divergent propagation effect of the
laser was stronger than the self-focusing effect. However, the self-focusing effect was
dominant in the central area [“C” area in Fig. 2(c)] because the crater had a relatively uniform
bottom and the refractive index increased considerably with the increasing laser intensity.
Therefore, these two parts of laser leaded to formation of filament splitting when they
propagated into the sample. On the basis of acquired transmissivity, the electron density of
laser-induced plasma can be calculated using the method proposed by Mao [27]. By using this
method, an important parameter, e.g. plasma diameter, should be estimated. In the case of our
experiment, the filament splitting phenomenon need to be considered. Thus, the electron
density was calculated with different filament diameter in different areas. Besides, another
important parameter, electron relaxation time, is also necessary to defined. For the sake of
simplicity, we used the electron relaxation time as 0.2 fs, which is consistent with Mao [27]
and our previous work [28]. Figures 2(d) and 2(e) present electron density spatial distribution
extracted from Fig. 2(a) with pulse numbers N = 1 and 2, respectively. Electron density was
calculated from a distance of 300 nm from the surface to ensure that electron density
calculation was not affected by the pre-induced crater (with a depth of approximately 250
nm). Moreover, the split phenomenon could be observed from the spatial distribution.

Fig. 3. (a) Cross-section morphology generated by the first pulse with fluences of 5.3, 8.8,
17.7, and 35.4 J/cm2, and the slopes of the crater tangent line were k1 = −68.3, k2 = −76.2, k3 =
−143.2, and k4 = −149.1; and (b) time-resolved transmission of femtosecond laser-induced
plasma generated by the second pulse in fused silica with four fluences at 200 fs.

To validate the aforementioned explanation, FDTD simulation of the laser field was
performed. Figure 2(b) presents laser fields of the first and second pulse irradiations. The
surface morphology and Kerr effect were considered in this calculation. In the case of second
pulse irradiation, the morphology of sample was extracted from AFM measurement [Fig.
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2(c)]. The applied Kerr coefficient n2 = 3.54 × 10−20 m2/W was consistent with previous work
[29]. The calculated distribution of the laser field was consistent with the distribution of laserinduced plasma obtained from the experiments.
In order to study the laser fluence effect on plasma filament splitting, experiments with
different laser fluences were conducted. Figure 3(a) shows the cross-section morphology of
craters generated by the first pulse with fluences of 5.3, 8.8, 17.7, and 35.4 J/cm2. The
increasing laser fluence gradually increased the diameter and depth of the crater. Furthermore,
the slope of the crater tangent line increased. Accordingly, Fig. 3(b) compares the timeresolved transmission of femtosecond laser-induced plasma generated using the second pulse
in fused silica with the four fluences. The plasma filament splitting phenomenon was
increasingly evident with the increasing laser fluence, which validated the universality of this
phenomenon.

Fig. 4. Time-resolved transmission of femtosecond laser-induced plasma in fused silica with
the (a) first pulse (N = 1), (b) second pulse (N = 2), (c) fifth pulse (N = 5), and (d and e) peak
electron density evolution of center filament at delay times from 300 to 1100 fs with a fluence
of 17.7 J/cm2.

To investigate laser-induced plasma evolution with different pulses, time-resolved
transmission of multipulse-induced plasma in fused silica were recorded. The transmitted
shadowgraphs [Figs. 4(a)–4(c)] revealed the evolution of laser-induced plasma induced by the
first, second, and fifth pulses. For the first pulse [Fig. 4(a)], typical plasma filament was
formed by balancing self-focusing and plasma defocusing, and laser pulse intensity gradually
weakened with time. The increasing pulse number [Fig. 4(b) and 4(c)] indicated that although
the plasma filament was split in the initial stage of propagation, it refocused and recombined
into one filament when the laser propagated the material because of the self-focusing effect.
To further study this phenomenon, Figs. 4(d) and 4(e) were plotted to explain the evolution of
peak electron density of center filament over time delay, which referred to the maximum
value in spatial distribution at each time delay. Figure 4(d) shows that the corresponding time
of the peak electron density was deferred backward with the increasing pulse number.
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Furthermore, when the pulse number was higher than a particular value, two plasma density
peaks were observed (blue line in Fig. 4(d)), which corresponded to bright filaments (i.e., low
transmissivity) [Fig. 4(c)]. The appearance time difference of two peaks was related to the
profile of the crater, which significantly changed the pulse path. The increasing pulse number
increased the optical path difference between the pulses from the center and edge areas. The
first and second peaks were attributed to the self-focusing of the pulse from the center and
edge of the crater, respectively. To validate the phenomenon, the enlarged schematic of Fig.
4(d) is plotted in Fig. 4(e) to show the peak electron density extracted at time delays of 1000
and 1100 fs. Peak electron density was higher for N = 5 than for N = 1 and 2, which indicated
that filament can maintain higher electron density for longer time. This difference was
because the prepulse-induced crater increased the laser propagation distance of the pulse from
the edge area, thus postponing the rate of electron decay.

Fig. 5. (a) Time-resolved transmission of femtosecond laser-induced plasma in fused silica
with 10–300 pulses and (b) peak electron density evolution at 900 fs with a fluence of 17.7
J/cm2.

To further study the mechanism of multipulse ablation, the evolution of laser-induced
plasma in fused silica was studied with the increasing number of pulses. Figure 5(a) shows
time-resolved transmission of femtosecond laser-induced plasma with 10–300 pulses at 900
fs. A hole was gradually formed with two side branches in the cross-section view, which is
indicated by a dark blue area in Fig. 5(a). With the increasing number of pulses, the depth of
the hole increased, and side branches were gradually formed. Peak electron density of center
filament at 900 fs from N = 10–300 was measured and plotted in Fig. 5(b). When the pulse
number was higher than 200, peak electron density was unchanged. This behavior illustrated
the invariability of side branches, that is, the side branches exhibited no variation with respect
to ablation after 200 pulses. The laser field exhibited a similar shape. Therefore, laser-induced
plasma was formed by the focused laser with the same field, thus ensuring that peak electron
density approached an invariant point and did not change.
4. Conclusion and outlook
In conclusion, the evolution of laser-induced plasma through multipulse ablation in fused
silica and the effect of a prepulse-induced crater on the subsequent laser field were studied
using pump-probe technology. Filament splitting was observed in the early stage of plasma
evolution (~300 fs) because the prepulse-induced crater reshaped the subsequent laser field
with the competition between laser-divergent propagation caused by refraction and the selffocusing effect, which was validated by experiments and simulation results. The strongest
laser focus was observed twice with the increasing pulse number during the process of
subsequent propagation because of an optical path difference between the pulses from the
center and edge areas of the crater. Divergent propagation of the laser generated a hole with
branches. When the pulse number exceeded a particular value, which was 200 in the
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experiments, the laser-induced electron density saturation was observed, which illustrated the
hole branch structures were unchanged, thereby maintaining the same focused laser field. The
experimental results reveal the formation mechanism of branches on the sides of the hole,
which regulate laser–material interactions and improve the quality of processing during
ultrafast multiple-pulse laser ablation.
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